AGING IS ASSOCIATED with alterations in kidney structure and decreased function (9, 14, 46) . In the aging kidney there is a decrease in the number of nephrons (1) and many of the normal renal tubular absorption and secretion abilities are blunted (28, 35, 48) . Structural changes include a loss of 20 -25% of renal mass during aging with most of the loss involving glomeruli and tubules in the cortex (18) . In addition, the aged kidney has an enhanced susceptibility to a number of stresses and the increased incidence of acute renal failure in older patients may be related to this enhanced susceptibility to pathologic or xenobiotic insults (14, 39, 41, 43, 52) .
Since aging cells tend to accumulate abnormal or modified proteins, it has been suggested that the decline and death of cells are in part due to an impaired proteolytic activity or efficiency (11, 15, 25) . Although this is true for some cell types, in others overactivation of proteases occurs in aging cells. For instance, there is elevated calpain, Ca 2ϩ -activated cysteine protease, and activity in cellular aging (7, 31, 34) . Established examples of increased calpain activity contributing to degenerative aging are cataract formation (5, 13, 26 ) and Alzheimer's disease (36, 44) . To date, very few studies have examined the role calpains play in the aging kidney. For example, Manya et al. (34) showed an increase in calpain 1 activation in the kidney of aged rodents; however, no other calpains were examined.
Calpains are a 15-member class of enzymes linked to the pathogenesis of numerous disease states including Alzheimer's disease, cataracts, limb-girdle muscular dystrophy, gastric carcinoma, and type II diabetes (17) . Calpains also are thought to participate in the induction of cellular necrosis through interactions with the cytoskeleton in various cell types (19, 21, 29, 49, 53) and in the regulation of apoptosis through interactions with p53, AIF, Bid, Bax, and caspase 3 (2, 8, 10, 38, 40) .
Only a few isoforms have been studied extensively, and little to no work has been completed on the atypical class of calpains, except for calpain 10 which has been identified as a type II diabetes susceptibility gene (20) and is important in cataract formation (30) . Calpain 10 also has been suggested to play a role in the apoptotic process. Johnson and colleagues (23) reported a decrease in apoptosis in pancreatic ␤-cells isolated from calpain 10 knockout mice compared with wildtype cells after treatment with ryanodine, palmitate, or low glucose. Wu et al. (51) , using calpain 10 antisense methodology, demonstrated a proapoptotic role for calpain 10 in rat renal interstitial fibroblasts.
Calpain 10 is a ubiquitous calpain (30) and our laboratory showed that calpain 10 is resident in kidney mitochondria of rabbits, rats, and mice (4, 16). Arrington et al. (4) identified calpain 10 as a mitochondrial calpain capable of cleaving complex 1 proteins (ND6 and NDUFV2) and inhibiting state 3 respiration after mitochondrial Ca 2ϩ overload. We also demonstrated that mitochondrial calpain 10 may play a role in the regulation of the mitochondrial permeability transition (MPT) and that overexpression of calpain 10 leads to mitochondrial dysfunction (4). Finally, oxygen-regulated protein 150, a cytoprotective inducible endoplasmic reticulum and mitochondrial chaperone protein, is a substrate of calpain 10 (3). Because calpains have been implicated in aging, aging-associated diseases, and kidney functions decrease with age, we examined calpain 10 protein expression in aging rat, mouse, and human kidneys and determined the role of calpain 10 in cell viability.
MATERIALS AND METHODS
Tissue samples. Male Fischer 344 rat kidney and liver samples at different ages were graciously provided by Dr. A. Parrish (Texas A&M Health Science Systems). Samples from male Fischer 344 rats [young (4 -5 mo), aged-ad libitum (AL; 9, 13, 19, and 24 mo), and caloric-restricted (CR; 9, 13, 19, and 24 mo)] were snap-frozen and stored at Ϫ80°C until utilized. CR began at 10 wk at 10% until 15 wk where it was increased to 25%, and further increased to 40% beginning at 17 wk. Male C57Bl/6 mice at 5 and 16 mo of age were euthanized by CO 2 asphyxiation followed by cervical dislocation and the kidneys were harvested. All animal use complied with the protocols approved by the MUSC Institutional Animal Care and Use Committee. Human kidney tissue samples used in this study were obtained from the Holling's Cancer Center Tissue Acquisition and Tumor Procurement Service at the MUSC. Tissue was obtained from fully consented patients undergoing nephrectomy for the presence of a renal neoplasm. Following routine diagnostic procedures, the pathologist identified and harvested normal kidney tissue from sites distant to margins of the renal neoplasm. Tissues were snap-frozen in liquid nitrogen and stored at Ϫ80°C. Adjacent tissues also were prepared for histological assessment to verify that normal specimens were viable and not contaminated with neoplastic cells. Tissues and corresponding demographic patient data were provided to the investigators following de-identification by Tissue Procurement personnel.
Isolation, culture, and infection of renal proximal tubules. Isolation and culture of renal proximal tubules were performed as described previously (37) . Female New Zealand White rabbits (1.5-2.5 kg) were purchased from Myrtle's Rabbitry (Thompson Station, TN). Renal proximal tubular cells (RPTC) were isolated using the iron oxide perfusion method and grown in six-well tissue culture dishes under improved conditions. The culture medium was a 1:1 mixture of DMEM/Ham's F-12 medium (without glucose, phenol red, or sodium pyruvate) supplemented with 15 mM HEPES buffer, 2.5 mM Lglutamine, 1 M pyridoxine HCl, 15 mM sodium bicarbonate, and 6 mM lactate. Hydrocortisone (50 M), selenium (5 ng/ml), human transferrin (5 g/ml), bovine insulin (10 nM), and L-ascorbic acid-2-phosphate (50 M) were added daily to fresh culture medium. On day 6, RPTC were infected with scramble-shRNA virus (Vector BioLabs; 5 ϫ 10 8 PFU/ml; MOI of 10), calpain 10-shRNA virus (MOI of 10), or diluent. Samples were isolated on days 1-5 postinfection for subsequent analysis.
Mitochondrial isolation and fractionation. RPTC mitochondria were isolated via differential centrifugation (4) . Briefly, RPTC were lysed in homogenization buffer (50 mM Tris ⅐ HCl, 1 mM ␤-mercaptoethanol, 1 mM EDTA, 0.32 M sucrose, pH 8.0) containing protease inhibitors with brief agitation and sonicated for 10 s. The subsequent homogenate was centrifuged at 900 g for 5 min. The supernatant was centrifuged at 15,000 g for 5 min resulting in mitochondrial and cytosolic fractions. Mitochondria were resuspended in homogenization buffer for immunoblot analysis.
Reverse-transcription PCR. Human kidney samples were homogenized with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol to extract total RNA. The mRNA was reversely transcripted to DNA using MMLV reverse transcriptase (Invitrogen) in the presence of oligo dT primers. PCR was performed using primers for calpain 1, 2, and 10. Amplification of ␣-GAPDH was used as internal control for normalizing PCR efficiency. Products were electrophoresed on 1.5% agarose gel and stained with ethidium bromide. Each experiment was repeated twice.
Immunoblot analysis. Human kidney, rat kidney and liver, mouse kidney tissues, and RPTC were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated with primary antibodies to calpain 1, calpain 2, calpain 10, Hsp60 (a mitochondrial loading control), caspase 3, and GAPDH. The primary antibodies used were mouse anti-human m-calpain (domain IV; Calbiochem; 1:1,000), rabbit anti-human -calpain (domain III-IV; Abcam; 1:1,000), rabbit anti-rat calpain 10 (Abcam; 1:1,000), rabbit anti-human podocin (NPHS2; Abcam; 1:1,000), rabbit anti-human SGLT1 (Abcam; 1:1,000), mouse anti-human Hsp60 (Abcam; 1:1,000), and rabbit anti-human caspase 3 (Stress Signaling; 1:1,000). Antibody incubation was followed by a horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody (Santa Cruz Biotechnology; 1:1,000). Immunoreactive protein was visualized by enhanced chemiluminescence (Amersham) and imaged using an Alpha Innotech imaging station.
Adenoviral construct. Three independent siRNA sequences were obtained (Ambion) and evaluated for their ability to inhibit calpain 10 translation. One sequence produced Ͼ95% knockdown of calpain 10 expression after a 24-h transfection in HEK-293 cells. Subsequently, oligonucleotides encoding this siRNA sequence (sense: 5Ј-TCGAG CCGAGTGAGGTGTACATTGTTCAAGAGACAATGTACACCTCAC-TCGGTTA-3Ј, and antisense: 5Ј-CTAGTAACCGAGTGAGGTGTACAT-TGTCTCTTGAA CAATGTACACCTCACTCGG C-3Ј) were annealed and ligated into Ambion's pSilencer Adeno 1.0-CMV shuttle vector. Following isolation of pure plasmid, HEK-293 cells were cotransfected with the provided linearized adenoviral backbone DNA and the shuttle vector. After viral replication, HEK-293 cell lysates were harvested. Recombinant adenovirus amplification was conducted by the MUSC Viral Vector Core Facility (1 ϫ 10 10 PFU/ml). Assessment of nuclear morphology. Nuclear morphology was assessed as previously described (12) . Briefly, RPTC were washed twice with PBS, fixed for 10 min using 10% buffered formalin/4% formaldehyde, and washed with PBS. RPTC were permabilized for 10 min in PBS/0.1% Tween 20, washed three times with ice-cold PBS, and treated for 10 min with DAPI (17 M final concentration) at room temperature. RPTC were washed three times with ice-cold PBS. Visualization of DAPI staining was performed using a fluorescence microscope and condensed nuclei from 10 high-powered fields were counted for each treatment group.
Statistical analysis. RPTC isolated from one rabbit represent one experiment (n ϭ 1). The appropriate ANOVA was performed for each data set by using SigmaStat statistical software. Individual means were compared with Fisher's protected least significant difference test with P Յ 0.05 being considered statistically significant. Linear regression was also performed using Sigma Stat statistical software.
RESULTS
Calpain protein expression in the kidney and liver of control and CR rats. Animal models are used frequently to examine age-related alterations in the kidney. Male Fischer 344 rats develop severe renal disease over time with structural changes and proximal tubular degeneration at 24 mo that can be attenuated by life-long caloric restriction (CR) (24, 47) . Therefore, we examined calpain protein expression in the aged male rat utilizing tissue samples that have previously revealed kidney dysfunction that was attenuated with CR (24) . Kidney samples were taken from control and CR male Fischer 344 rats at 4, 9, 13, 19, and 24 mo of age and subjected to immunoblot analysis for calpain 1, 2, and 10. While there was no agedependent change in calpain 1 or 2 protein expression in control or CR rats, calpain 10 protein expression decreased in control rat kidney samples at 19 mo and further decreased at 24 mo (Fig. 1) . The decrease in calpain 10 protein expression was attenuated by CR, suggesting calpain 10 plays a role in the dysfunction of the aging kidney.
We also examined renal SGLT1, a tubular epithelial marker, and podocin, a glomeular marker, protein expression to determine whether the decrease in calpain 10 levels with age parallels tubular or glomerular content. While there was no age-dependent change in SGLT1 or podocin protein expression at 4, 9, 13, and 19 mo of age, the expression of SGLT1 and podocin decreased 41 and 28%, respectively, at 24 mo of age (Fig. 2) . The decrease in SGLT1 and podocin observed at 24 mo of age was attenuated by CR.
Liver samples taken from control rats at 4, 9, and 24 mo and from CR rats at 24 mo did not exhibit any changes in calpain 1, 2, or 10 protein expression, suggesting that calpain 10 is not decreased in the aging liver (Fig. 3, A and B) .
Calpain protein expression in the mouse kidney. Calpain 1, 2, and 10 levels in kidney samples taken from 5-and 16-moold mice were examined. Compared with 5-mo-old mice, there was a decrease in calpain 10 protein expression in 16-mo-old mice but no change in calpain 1 or 2 (Fig. 3, C and D) . Thus, the age-related loss of kidney calpain 10 in mice is similar to that in the aging rat, demonstrating similarities across species.
Calpain protein expression in the human kidney. We examined calpain protein levels in human kidney samples at different ages. Human female kidney samples ranging from 21 to 77 yr old showed a linear decrease in calpain 10 protein expression with an r 2 value of 0.8966 (Fig. 4) . There was a similar decrease in calpain 10 protein expression with an r 2 value of 0.7495 in human male kidney samples ranging from 38 to 77 yr old. Overlaying of male and female kidney samples revealed the same rate of calpain 10 loss with age between genders (data not shown). In contrast, there was no age-related change in calpain 1 or 2 protein expression in human female or male Fig. 1 . Calpain protein expression in normal and caloric-restricted (CR) rat kidneys. Different aged normal and CR male Fischer 344 rat kidneys (A, C) and (B, D) were subjected to immunoblot analysis for calpain 1, 2, and 10 (75 kDa) and ␣-GAPDH (loading control) protein expression. Densitometry was performed and relative protein expression was determined. Results are representative of 3 independent experiments. Fig. 2 . SGLT1 and podocin protein expression in normal and CR rat kidneys. Different aged normal and CR male Fischer 344 rat kidneys (A and B) were subjected to immunoblot analysis for SGLT1, podocin, and ␣-GAPDH (loading control) protein expression. Densitometry was performed and relative protein expression was determined. Results are representative of 3 independent experiments.
kidney samples (Fig. 5, A and B) . Collectively, both human female and male kidney samples have a similar rate of loss in calpain 10 protein expression, but not calpain 1 and 2 with age, suggesting the loss of calpain 10 is specific.
To examine whether the decrease in calpain 10 protein expression was pre-or posttranslational, we examined calpain 1, 2, and 10 mRNA expression in the human kidney. In the human kidney, there was a linear decrease in calpain 10 mRNA expression as age increased (Fig. 6, A and B) . In contrast, there was no age-related change in calpain 1 or 2 mRNA expression (Fig. 6, C and D) . We suggest that there is a specific loss of calpain 10 mRNA expression in the aging human kidney, which results in the age-related loss of calpain 10 protein.
Adenovirus-mediated knockdown of calpain 10 expression. To determine whether the loss of calpain 10 results in a loss of cell viability, rabbit RPTC were infected with either scramble shRNA (scramble) or calpain 10 shRNA and incubated for a period of 5 days. Control RPTC were treated with diluent. Mitochondrial and cytosolic fractions from control, scramble, and calpain 10 shRNA-infected RPTC were isolated each day for 5 days and assayed via immunoblot analysis for calpain 10 expression. Calpain 10 levels in calpain 10 shRNA-infected cells were decreased in mitochondrial isolates on day 2 and were below detectable levels on day 3 postinfection, whereas levels in cytosolic fractions on day 3 were unchanged and decreased to ϳ20% of control by day 5 (Fig. 7) . Calpain 10 levels in control and scramble-infected cells remained unchanged (Fig. 7) . Verification of calpain 10-specific knockdown was accomplished via immunoblot analysis of calpains 1 and 2, revealing that calpain 1 and 2 expression levels did not change among control, scramble, and calpain 10 shRNAinfected cells.
Calpain 10 is required for RPTC viability. Confluent cultures of RPTC were exposed to scramble shRNA or calpain 10 shRNA and were followed for 5 days. Each treatment group was evaluated by DAPI staining for nuclear morphology and caspase 3 activation. Examination of RPTC nuclear morphology revealed condensed nuclei in calpain 10 shRNA-infected cells beginning on day 1, and continuing through the 5-day observation period (Fig. 8) . The loss of calpain 10 in RPTC resulted in a decrease in cell confluency to ϳ60 -70% of control on day 5. Numerous nuclear aggregates were also observed on day 5 in many of the calpain 10 shRNA-infected cells (Fig. 8) . Nuclear condensation was Ͻ5% in control and scramble shRNA-infected cells throughout the time period. These results support the hypothesis that the lack of calpain 10 is lethal and that the cells die by apoptosis.
We further explored this hypothesis by measuring caspase 3 activation. Using immunoblot analysis, we observed the appearance of cleaved procaspase 3 beginning on day 1 and Fig. 5 . Calpain 1 and 2 protein expression in male and female human kidney. Female and male human kidney samples of various ages were subjected to immunoblot analysis for calpain 1 and 2 and ␣-GAPDH protein expression. Densitometry was performed and relative protein expression was determined. Fig. 6 . Calpain mRNA expression in the human kidney. RNA was extracted from female and male human kidney samples of various ages and reverse transcription was performed using oligo(dT) primers. PCR was performed using primers for calpain 10 (A, B), calpain 1 (C), calpain 2 (D), and ␣-GAPDH. A: example of human kidney calpain 10 and GAPDH mRNA levels ran on an agarose gel. Densitometry was performed and relative mRNA expression was determined.
remained present over days [2] [3] [4] [5] (Fig. 9) . No cleaved procaspase 3 was observed in control and scramble shRNAinfected cells over the 5-day period. We suggest that RPTC calpain 10 is required for cell viability and that the loss of calpain 10 results in RPTC apoptosis.
DISCUSSION
These data reveal the novel finding that aging is associated with the selective loss of calpain 10 protein expression in the kidney of multiple species, an organ that loses function during the aging process. The loss of calpain 10 was kidney specific, with no loss of protein in the liver. In particular, male and female human kidney samples lose calpain 10 protein expression at the same linear rate with age. There was also a specific linear decrease in calpain 10 mRNA in aging human kidneys, suggesting that the decrease in calpain 10 protein expression occurs pretranslationally. Importantly, closely related family members such as calpain 1 and 2 were not altered during aging. Thus, calpain 10 is a potential biomarker of kidney aging in humans, rats, and mice. This finding is important because currently there is a lack of markers of the aging kidney.
The development of renal disease is more severe in rodent males compared with females and nutritional influences have a critical role on age-related renal dysfunction (6) . Since Fischer 344 rats develop severe renal disease over time that can be attenuated by life-long CR (24, 47) , any molecular change crucial for age-dependent development of renal disease should be attenuated by CR. The rat kidney samples used in these experiments were furnished by Dr. Parrish's laboratory and he observed degeneration of proximal tubules, lymphocytic infiltration, tubular dilation and degeneration, and protein casts at 24 mo, which were attenuated with CR (24) . Our data revealed that the loss of calpain 10 protein expression correlates with this renal dysfunction and that CR restores calpain 10 protein levels, suggesting the loss of calpain 10 leads to renal dysfunction.
The loss of calpain 10 could be the result that the aging kidney has less nephrons or coincidentally (18) . In these samples, we also observed a decrease in renal SGLT1 and podocin protein expression in 24-mo-old Fisher 344 rats, but not at earlier ages, suggesting a decrease in tubular and glomerular content in only advanced age. In agreement with our finding, a decrease in nephrin, a glomerular marker, has been reported in 24-but not 17-mo-old Fischer 344 rats (50) . Thus, there is a loss of nephrons at 24 mo of age in this model. It is important to note that calpain 10 protein expression decreases before the loss of tubular and glomerular markers. Therefore, the loss of calapin 10 protein expression is independent of nephron loss and may play a role thereof.
Although it would be ideal to measure calpain 10-specific activity, there is no specific substrate for calpain 10. There are calpain substrates that measure overall calpain activity, but they are not specific and are also substrates for other proteases. In fact, increased calpain 1 activity has been reported in aging rodent kidneys (34) . However, we did not observe an increase or decrease in calpain 1 protein expression. This discrepancy could be due to the lack of substrate specificity used in the calpain activity assay. While it would be desirable to study the localization of renal calpain 10 expression during aging, current calpain 10 antibodies for calpain 10 are inadequate.
Our results raised the question of whether calpain 10 is important for cell viability. Using an adenoviral delivery system to introduce calpain 10 shRNA into primary rabbit RPTC, we examined the loss of mitochondrial and cytosolic calpain 10 and cell viability over time. Calpain 10 protein expression decreased within 48 h and was undetectable in mitochondria 3 days after infection, whereas cytosolic calpain 10 levels were unchanged 3 days after infection and decreased to ϳ20% of control levels by day 5. We suggest that differential rates of calpain 10 degradation exist between the two compartments. The rate differences seen between mitochondrial and cytosolic calpain 10 may be due to the increased oxidative stress experienced by mitochondrial proteins in general. For example, it is known that oxidized cytosolic proteins are degraded much faster than their nonoxidized counterparts (45) . However, there is the possibility that there is a difference in protease activity in the two compartments that leads to increased degradation. Although proteases are known to be altered with age, the exact protease responsible for calpain 10 degradation is not known.
The loss of calpain 10 in RPTC resulted in a decrease in cell survival and an increase in caspase-mediated apoptosis over the 5-day period. Based on the time of initiation of apoptosis and the changes in mitochondrial and cytosolic calpain 10 levels, the loss of mitochondrial calpain 10 but not cytosolic calpain 10 was associated with apoptosis, suggesting mitochondrial-induced, caspase 3-mediated apoptosis. Although it appears there is a decrease in procaspase 3 in the control group, we never observed cleaved caspase 3 bands in any of these blots, suggesting caspase 3 is not activated in the control group. Additional studies are required to elucidate the complete mechanism of this apoptosis. The apparent discrepancy that apoptosis occurred at day 1 and mitochondrial calpain 10 levels decreased on day 2 is probably the result of the limitations of immunoblot analysis to measure small changes.
We previously overexpressed calpain 10 in NIH-3T3 fibroblasts (4). Cells expressing large levels of calpain 10 died quickly, whereas cells expressing moderately elevated levels of calpain 10 exhibited mitochondrial swelling and dysfunction (4) . In this study, we show that decreased calpain 10 protein expression also results in RPTC death, supporting the importance of calpain 10 regulation in cell death. It is commonly thought that the role of calpains in pathological conditions can originate from insufficient calpain activity or excessive activation of calpain. Therefore, calpain activity can be described as a double edged sword, and with an intermediate amount of highly regulated calpain activity required for normal physiological functions, while alterations of activity in either direction can have negative consequences.
An increase in the basal rate of apoptosis has been reported in the aging rodent kidney due to a shift in balance of pro-and anti-apoptotic factors (22, 32) . For example, studies of aging rats found increased expression and activation of caspases 3 and 9 in the liver, kidney, lung, and spleen (27, 41, 54) . Importantly, CR inhibited the increase in caspase-mediated apoptosis in aging kidneys (27) . Based on our data, we hypothesize that the loss of mitochondrial calpain 10 in aging results in increase in apoptosis that can be attenuated with CR.
In summary, we showed that calpain 10 protein levels specifically decrease in the aging kidney of multiple species and that this decrease can be attenuated with CR correlating with the preservation of kidney function and structures. In addition, we showed that the age-related decrease in calpain 10 is translationally regulated in the human kidney. Mitochondrial calpain 10 plays a significant role in renal mitochondria and cell viability which could have broad implications for multiple disease states. To date, calpain 10 has been linked to mitochondrial dysfunction, apoptosis, GLUT4 vesicle translocation, pancreatic beta-cell exocytosis, cataractogenesis, hypertriglyceridemia, and is genetically linked to type II diabetes. We think that calpain 10 may play a more global role as a crucial cell survival protein and that a decrease in calpain 10 protein expression during aging or disease results in renal cell death, dyfunctions, and/or increases the susceptibility of the kidney to an insult.
